[1] Recent space and airborne observations have noted tenuous cirrus near the tropopause and above deep convective anvil outflow. We use a cloud-resolving model, initialized with aircraft observations taken during the CRYSTAL-FACE experiment, to explore the effects of such cirrus layers on anvil evolution. Numerical simulations demonstrate that anvil cirrus spreads because strong absorption of thermal radiation and emission at cloud base and top creates horizontal heating gradients between the cloud and its environment. The presence of a second layer of cirrus near the tropopause forces the upper part of the anvil to equilibrate to warmer radiative temperatures than would normally be associated with a clear upper atmosphere. Compared to a case without thin cirrus, the associated reduction to heating gradients at anvil cloud top corresponds to reduced anvil spreading and turbulent kinetic energy, by as much as 19% and 40%, respectively. These results suggest that tropopause cirrus can affect climate indirectly, by altering anvil cirrus dynamics.
Introduction
[2] Tenuous layers of cirrus, with optical depths less than 0.3, are widespread at low latitudes within a tropical tropopause layer (TTL) located between 14 and 18 km altitude [Winker and Trepte, 1998 ]. They have attracted interest for their contributions to the delicate balance between longwave and shortwave cloud forcing at low latitudes [McFarquhar et al., 2000] , and for their hypothesized role in controlling the humidity of the lower stratosphere [Jensen et al., 2001] .
[3] Recent observational studies have remarked that TTL cirrus are often coincident with regions of deep convective cloud [Winker and Trepte, 1998; Comstock et al., 2002; Santacesaria et al., 2003; Setvák et al., 2003; Garrett et al., 2004; Dessler et al., 2006] . While the relationship between the two cloudy airmasses remains poorly understood, measurement and modeling studies suggest that, where TTL cirrus and deep convection coexist, the TTL layer is not derived from deep convective outflow. Rather, a layer of condensation is formed, either from gravity waves breaking above deep convective domes [Wang, 2003] , or a combination of mixing and lifting associated with repeated impulses of convection on a humid, stably stratified TTL [Garrett et al., , 2006 . Of course, anvil cirrus also forms, but lower, at the environmental level of neutral buoyancy associated with individual convective parcels. It has been suggested that an anvil can assist TTL condensation by forcing thin cirrus to radiatively equilibrate with a cold blackbody [Hartmann et al., 2001] . This may be the reason that TTL cirrus and anvil cirrus often appear to have similar horizontal dimensions [Garrett et al., , 2006 .
[4] Kinetic energy in the atmosphere is derived from temperature contrasts. In anvil cirrus, Lilly [1998] argued that vertical heating gradients drive entrainment, internal mixing, and ascent. He quantified the motions based on initial assumptions that a) vertical heating gradients are approximately uniform over the anvil depth [Ackerman et al., 1998 ], and b) after an initial relaxation phase, the anvil becomes effectively infinite horizontally, and well-mixed vertically.
[5] During the 2002 Florida area CRYSTAL-FACE experiment, however, detailed airborne study of an isolated anvil sampled on 21 July revealed a cloud mass that was not well-mixed, but rather stably stratified and with temperatures nearly the same as its clear-air surroundings [Garrett et al., 2005] . In addition, calculated radiative heating gradients were concentrated in layers just $100 m deep at the anvil base and top. The reason the calculations showed concentrated heating and cooling layers was that they employed results from measurements by a new generation of in-situ cloud probes that revealed higher concentrations of small ice crystals than had normally been assumed to be typical [Garrett et al., 2003] . The implication to the anvil's vertical structure was that its effective radiating depth was shallow at its vertical boundaries, while its interior was shielded radiatively from both the earth's surface and outer space.
[6] Garrett et al. [2005] argued that, because the cirrus anvil studied was both neutrally buoyant and maintained its stratification, concentrated heating at cloud base, and cooling at cloud top, could not have been driving vertical mixing or lifting, as might have been argued by Lilly [1998] . Instead, it was only thin, radiatively destabilized layers at the anvil vertical boundaries that were well-mixed. Dimensional arguments implied that resulting temperature contrasts between the anvil and its surroundings created currents that spread the anvil horizontally with a characteristic speed $Nh, N being the buoyancy frequency, and h the mixed-layer depth. The associated spreading rate of about 1 m s À1 away from the anvil central axis agreed approximately with geostationary satellite observations of the anvil plume motions [Garrett et al., 2005] .
[7] Garrett et al. [2004 Garrett et al. [ , 2005 Garrett et al. [ , 2006 found that TTL cirrus above anvils can be microphysically stable, and that they spread to cover the anvil cirrus domain. While they are usually thin enough to be effectively transparent to solar radiation, they are gray-bodies at thermal wavelengths.
Consequently, their presence means the upper surface of the anvil is exposed to much warmer effective radiating temperatures than those of a cloudless upper atmosphere.
[8] The goal of this paper is to explore a possible sensitivity of anvil cirrus evolution to the presence of TTL cirrus aloft. To the extent an anvil-TTL cirrus system moves towards radiative equilibrium, TTL cirrus might be expected to reduce horizontal temperature gradients between a cirrus anvil top and its environment, thereby limiting cirrus anvil development. Here, we explore this hypothesis using a cloud resolving model (CRM).
Experimental Setup
[9] The general purpose of this numerical experiment is to determine the sensitivity of initial anvil evolution to inclusion of a thin TTL cirrus layer aloft. Here, we prescribe the TTL layer to be microphysically stable, and match its horizontal domain to that of the anvil. The reason for prescribing TTL cirrus evolution is that a) we are concerned here with studying anvil not TTL cirrus evolution, and b) while TTL cirrus are often observed to match the anvil cirrus horizontal domain, the associated physical mechanism that determines the extent of the TTL cirrus is not yet understood.
[10] CRM simulations are performed using the University of Utah Large Eddy Simulation Model (UU LESM) [Zulauf, 2001] . The UU LESM is specifically designed to examine small-scale atmospheric flows, especially those involving cloud-scale processes such as convection, entrainment, and turbulence. It is particularly suited to high resolution studies into the detailed structure of individual clouds and cloud systems over relatively short periods of time (hours to days). The dynamic framework is based upon the 3D non-hydrostatic primitive equations. Rather than using an anelastic set of governing equations, the quasi-compressible approximation is used [Droegemeier and Wilhelmson, 1987] , in which the speed of sound is artificially reduced. The subgrid processes are parameterized using Deardorff [1980] subgrid-scale turbulent kinetic energy closure. The code includes detailed bulk microphysics [Lin et al., 1983; Lord et al., 1984; Krueger et al., 1995] and radiative transfer .
[11] The model is initialized with detailed measurements obtained in-situ on 21 July during CRYSTAL-FACE [Garrett et al., 2005] . The simulations employ a model domain that is 51.2 Â 51.2 km in horizontal extent, and ranges from 5 to 17 km altitude in the vertical, with a grid size of 100 m in all dimensions. A sponge layer is implemented above 13 km to minimize wave reflection off the domain top. At initialization, clear air temperature and humidity profiles are approximately characterized by a potential temperature gradient of 2 K km
À1
, and a relative humidity with respect to ice of 60% and 120% below and above 12.9 km, respectively. The surface temperature is fixed at 28°C. The cirrus anvil is idealized as a microphysically and thermodynamically uniform 2.5 km thick disk with cloud base at 8.8 km and a diameter of 20 km. The temperature of the anvil is identical to its environment: the cloud base and top are À28 and À46°C, respectively, and the air is saturated with respect to ice. The ice water content (IWC) is 0.1 g m À3 and the ice crystal effective radius (r e ) is 20 mm.
[12] Anvil evolution is studied for its sensitivity to the presence of a layer of TTL cirrus above the anvil domain, located as observed between 12.9 and 14.7 km (À59 and À70°C). The horizontal extent of the TTL layer is specified to precisely cover the region where the anvil ice water path (IWP) is greater than 2 Â 10 À3 g m À2 . The temperature and humidity in the TTL cirrus are the same as in the clear environment at the same level but the condensed phase is represented by an IWC of 0.001 g m À3 and an r e of 7 mm (i.e., a visible optical depth t TTL of 0.15). The behavior of the TTL cirrus is fully prescribed, and is unrelated to its location within the model sponge layer.
[13] The simulation includes several important simplifications: solar incident flux at the top of the domain is fixed at 900 W m À2 ; there are no initial dynamic motions; the earth's rotation is ignored; and, anvil precipitation is not simulated. The reason we omitted these processes from the model simulations is not because they are unimportant to anvil evolution, but so that we can unambiguously examine the sensitivity of cloud-scale anvil dynamics to radiative interactions with TTL cirrus.
[14] The results described here appear robust insofar as model resolution is concerned. A factor of two difference in model spatial resolution made negligible difference to the study conclusions.
Anvil Evolution
[15] Figure 1 shows the evolution of the spatial distribution of radiative heating in the absence of overlying TTL cirrus. Initially, heating and cooling are concentrated at cloud base and top, respectively. A few negatively buoyant thermals can be seen penetrating into the anvil from cloud top. However, the dominant motions induced are thin currents at base and top that spread the cloud outward from its center; continuity is preserved by ascent at cloud base. Maximum horizontal velocities in the upper portion of the anvil were about 2 m s À1 , which is in close agreement with the spreading rate observed on 21 July from geostationary satellite [Garrett et al., 2005] . Note that the reason heating gradients are concentrated is because the cloud has a high absorption cross-section density. Clouds that are thinner or more optically tenuous will have more distributed heating, will be better mixed, and will tend to rise as a layer. For example, such ascent can be seen in the thin tongues that protrude laterally from the anvil.
[16] Figure 2 shows cloudy and clear sky temperature profiles averaged over the anvil cloud domain, shown as a difference from initial conditions following one half-hour of model evolution. For a case without TTL cirrus aloft, the temperature difference in the anvil interior is less than 0.5 K, indicating that the interior is exposed radiatively primarily to cloudy air. By contrast, the anvil top cools relative to ambient clear air by a maximum 1.34 K. Corresponding warming at anvil base is 0.8 K. For an otherwise identical scenario where TTL cirrus is placed aloft, similar results are obtained, except that at anvil top the magnitude of the cooling relative to its surroundings is 1.04 K, 0.3 K less than in the case without TTL cirrus. Thus, the presence of TTL cirrus above an anvil reduces horizontal temperature gradients between the top of the anvil cirrus cloud and its environment.
[17] Because temperature contrasts are responsible for driving air motions, it should be expected that the presence of the TTL cirrus layer affects anvil cirrus dynamics. After two hours of model evolution for a case without TTL cirrus, we find that the cirrus horizontal coverage of the model domain -its ''shade fraction'' -increases monotonically by a factor of 2.4, and the turbulent kinetic energy (TKE) increases monotonically from 0 kg s À2 to 450 kg s
À2
. With TTL cirrus present, however, the shade fraction and TKE are 3% and 26% less, respectively.
[18] For the same model conditions, we now consider the sensitivity of our results to the assumed model parameters. First, we consider the sensitivity of anvil dynamics to layers of TTL cirrus with larger optical depths, such as those that were occasionally observed during CRYSTAL-FACE, with t TTL ranging from about 0.3 on 23 July, to unity on 28 July . The results of these simulations (Figure 3) show that, for t TTL = 1.2, after 2 hours of anvil evolution, the relative anvil shade fraction is reduced by 19% compared to the case without TTL cirrus. Second, the reductions to TKE reach a maximum 40% for an optical depth of 0.6, with negligible sensitivity for higher values of t TTL . Reasons for this asymptotic behaviour are unclear. We attribute reduced TKE and relative shade fraction to a monotonic decrease in cloud-top cooling with increasing t TTL . For example, after one half hour evolution, for t TTL = 1.2, the degree of cloud-top enhanced cooling relative to its environment is just 0.57 K, compared to 1.34 K for the case with no TTL cirrus.
[19] Second, we consider model sensitivity to the assumed ice crystal effective radius in the anvil (and therefore the anvil optical depth as well since t / 1/r e ). The initial values of the optical properties t and r e chosen here are based on in-situ measurements from CRYSTAL-FACE. It has been argued that these measurements indicate relatively small values of cirrus ice crystal r e simply because larger ice crystals shatter on instrument inlets [Heymsfield et al., 2006] . We do not believe this was in fact the case, in part because the in-situ measurements of r e used here agreed well with geostationary satellite-derived values matched to aircraft profiles of the anvil cirrus on 21 July [Garrett et al., 2005] , and also MODIS airborne simulator retrievals of TTL cirrus studied from the ER-2 aircraft on 26 July [Roskovensky et al., 2004] .
[20] In our sensitivity study, TTL cirrus optical depth is maintained at 0.15. Inspection of the simulation results showed that, in general, higher values of anvil r e corresponded to more diffuse vertical heating gradients and less energetic anvil circulations; in the absence of TTL cirrus, maximum spreading rates were reduced by about one half in the 80 mm simulation compared to the 20 mm simulation. Nonetheless, spreading remained fastest at cloud top and bottom in both cases, from which we conclude that the mechanism responsible for anvil spreading is independent of r e . Figure 3 shows that the presence of TTL cirrus above the anvil reduces anvil spreading, even for much larger anvil ice crystals with r e = 80 mm. In fact, shade fraction and TKE are reduced most, by 12% and 30% respectively, for a case where anvil r e is set to 40 mm.
Discussion
[21] While this study has examined anvil cirrus under somewhat idealized conditions, it demonstrates that anvil TKE can drive spreading at cloud base and top, rather than large-scale mixing or lifting. This is because anvils can be sufficiently optically dense to limit radiative exposure of the anvil interior to the surface and outer space. The result is that the anvil interior stays stratified while concentrated heating gradients at the cloud upper and lower boundaries create mixed layers that spread outward in density currents. This picture of anvil evolution differs from the canonical models described by Ackerman et al. [1998] and Lilly [1998] , because these presumed more tenuous, onedimensional and well-mixed cloud.
[22] We find that the presence of TTL cirrus above an anvil diminishes heating at the anvil cloud top, and therefore lowers the horizontal temperature contrasts between the anvil and its environment: the anvil still spreads, but with less vigor than when TTL cirrus is absent. We offer that TTL cirrus may be described as ''parasitic'' when it is located above anvil cirrus, insofar that it is maintained and deepened by ''feeding'' off the cold temperatures presented to it by the anvil. The anvil, by contrast, becomes ''anemic'', because anvil top cooling is diminished and horizontal temperature contrasts between the anvil and its environment are reduced, resulting in lower anvil cloud cover and TKE. The results suggest a previously unrecognized, indirect pathway for TTL cirrus to play a controlling role in the earth's climate.
[23] CRM simulations by Fu et al. [1995] and Köhler [1999] show that infrared radiative cloud top cooling and cloud base warming of anvil clouds contributes to their longevity and extent, and is associated with enhanced internal circulations. Fu et al. [1995] also noted that, by reducing clear-sky infrared radiative cooling, anvil clouds tend to stabilize the troposphere to deep convection. The effect of TTL cirrus on underlying anvil cirrus is similar.
[24] Acknowledgment. This work was supported through NASA grants NAG5-11504, NAG5-11505 and NNG04GI68G. Figure 3 . Sensitivities at t = 2 hours for changes in model parameters: (top) sensitivity of relative shade fraction (solid curve) and domain-averaged vertically integrated turbulent kinetic energy (kg s À2 , dashed curve) for increasing TTL cirrus optical depth; (middle) sensitivity of relative shade fraction for variations in anvil particle effective radius (solid and dashed curves denote simulations without and with overlying 0.15 optical depth TTL cirrus, respectively). Relative shade fraction is defined such that it equals unity for t = 0.; (bottom) as for the center plot, except for the sensitivity of domain-averaged vertically integrated turbulent kinetic energy (kg s À2 ) for variations in anvil particle effective radius.
